Abstract. This research work presents a novel architecture of Hybrid Input Energy Harvester (HIEH) system for semi-active Radio Frequency Identification (RFID) tags. The proposed architecture consists of three input sources of energy which are radio frequency signal, thermal and vibration. The main purpose is to solve the semi-active RFID tags limited lifespan issues due to the need for batteries to power their circuitries. The focus will be on the rectifiers and DC-DC converter circuits with an ultra-low power design to ensure low power consumption in the system. The design architecture will be modelled and simulated using PSpice software, Verilog coding using Mentor Graphics and real-time verification using field-programmable gate array board before being implemented in a 0.13 µm CMOS technology. Our expectations of the results from this architecture are it can deliver 3.3 V of output voltage, 6.5 mW of output power and 90% of efficiency when all input sources are simultaneously harvested. The contribution of this work is it able to extend the lifetime of semi-active tag by supplying electrical energy continuously to the device. Thus, this will indirectly reduce the energy limitation problem, eliminate the dependency on batteries and make it possible to achieve a batteryless device.
Introduction
Over the decades, Radio Frequency Identification (RFID) technology has become a popular system and has attracted a lot of attention in the industry and military applications. Its wireless functions as automatic identification and data collection solution have been widely used in numerous areas such as supply chain management, access control, logistic, asset visibility, structural and environmental monitoring, sensor networks, etc. Among the various applications of RFID, Ultra High Frequency (UHF) RFID has a better throughput and performance with its small antenna sizes, higher data rates and longer reading distance. Operating frequency range for UHF is between 860-960 MHz.
A military supply chain management is one of the biggest systems that implements and utilizes the RFID technology. The use of RFID makes it possible to provide effective inventory and asset management, monitor and track the use, movement and placement of the weapons and munitions, and theft prevention. Although UHF RFID tags technology has been studied for several decades, only recently researchers are focusing on semi-active tags. Until now, the design of the tag is still being developed and only a few reports are being published by researchers especially the use of energy harvesting as an external power source for the semi-active tags. The advantages of semi-active tags are they have a longer communication range and longer battery life than passive tags and active tags, respectively [1] . Moreover, their robustness, higher functionality and capability of performing scheduled tasks makes them suitable to be used for troop readiness and safety [2] .
The major drawback of semi-active tags is their limited lifespan issues due to the need for batteries to power up the tag circuitry. Once the batteries died, the tags cannot be used and the information stored in the memory of the tag chip could not be read. Presently, a lifespan of semi-active RFID tag is two (2) to seven (7) years but this depends on their applications. Frequent use of the tags to read and write will make the batteries life become shorter [3] . Consequently, ongoing maintenance is needed as the batteries have to be replaced. The details strength and weaknesses of each RFID type are shown in Table 1 . In the past few years, there are a number of multi-input energy harvesting systems that have been presented by researchers. A variety of circuit design architectures with various combinations of ambient sources and implementation of CMOS technology are introduced, all with the same goal which is to improve the harvester's performance with the maximum power conversion efficiency and minimal power losses.
A novel architecture of hybrid input energy harvester (HIEH) system consisting of three sources of energy, which are radio frequency signal, thermal and vibration has been proposed in this paper. These sources are selected based on supply chain management purposes where they are readily available indoor energy sources. The ambient RF signal that is transmitted by the reader to activate the tag can be harvested by antenna and converted it to electrical energy. However due to limited and intermittent signal, RF source energy harvesting alone is not enough to extend the lifespan of semi-active RFID tag. Thus, energy from the thermal and vibration is required. Each of these sources can be generated from machine, human movement, and temperature differences.
In this work, the focus will be on the rectifiers and DC-DC converter circuits which will be designed in a standard 0.13 μm CMOS technology. Ultra-low power design will be applied to ensure low power consumption in the system. Our contributions are by combining energy from different sources with efficient energy harvesting circuit design, it would be possible to eliminate the dependence on battery for power and continuously provide a stable power supply to the load. Hence, the overall semi-active RFID tag system reliability and functionality can be enhanced. Maintenance and cost of operation can also be reduced since the tag does not need any batteries replacement. Indirectly, this green energy solution can minimize the environmental pollution by reducing the disposal of old batteries and last but not least, making it possible to achieve a batteryless device.
This paper is organized as follows. Section 2 explains the basic RFID system. Overview of a single energy harvesting design is given in Section 3 followed by the hybrid energy harvesting design in Section 4. Next, the proposed block design and implementation process of HIEH architecture are discussed in Section 5 and Section 6 respectively. Finally, Section 7 concludes the paper.
Basic RFID System
RFID system uses radio frequency waves to locate, identify, track and sort objects, assets and equipment without direct contact or line of sight. The system consists of three components: a reader (transceiver), a tag (transponder) and a processing unit (a host computer) as shown in Fig. 1 . Fig. 1 . RFID system.
The purpose of the RFID system is to transfer information between a tag and a reader to perform a specific application based on the data stored in the tag [4] . RFID tag can be categorized into three types: passive, semi-passive/semi-active and active. The most commonly used tags are passive tags. Passive tags do not have an internal battery and rely entirely on the reflected energy from the reader as their power source. They have a shorter read range, a small size, cheaper and do not require any maintenance [5, 6] . On the contrary, active tags are powered by their own battery that is able to transmit their own information to a reader or other active tags. The internal battery is also used to power other electronic components and micro-sensors circuit such as temperature, pressure, humidity or vibration sensor which are integrated within the active tags. Similar to active tags, semi-active tags also have internal battery. However, they cannot communicate with other tags and only transmit their information once they receive a radio frequency (RF) signal from the reader [4] .
Overview of Energy Harvesting Design
Energy harvesting is the process where energy is captured from the ambient sources such as temperature differences, light, vibrations and RF signals, converting it to electrical power or storing it for later use [7] . Due to its capabilities to supply a very small amount of power in the range of nanowatts to milliwatts, energy harvesting technology has attracted more attention to the researchers in finding a suitable input to supply ultra-low power devices such as in a modern wireless sensor network system, portable electronic devices, biomedical implants and RFID devices [8, 9] . With its typical micro-scale values, micro energy harvester can convert small amounts of energy from the ambient environmental sources into electrical power using electromagnetic waves, piezoelectric generators, thermoelectric generators (TEG), or photovoltaic devices [10, 11] . The potential ambient energy available from various micro energy harvesting sources is shown in Table 2 . Using energy harvesting techniques in the ultra-low power devices not only prolong the battery life and minimize cycle of exchanging or recharging the batteries [12] but also can indirectly extend the overall system lifetime, minimize the size and maintenance cost, and reduce waste produced by disposing batteries [13] . In this work, the focus will be on indoor energy sources which are thermal, vibration and RF. 
Radio Frequency
Nowadays, RF energy harvesting has become one of the popular methods to supply power to a new generation of wireless communication and sensor devices. In this method, RF signal that are harvested by the antenna is converted to electrical energy (DC voltage). The signals have a frequency range between 30 Hz to 300 GHz with a wavelength varying from 0.1 cm to 1000 km [15] . As in the semi-active RFID tag, the voltage generated at the tag terminal may be used either to transmit the data back to the reader or to recharge a battery to be supplied to the auxiliary circuit [16] . A basic block diagram of the RF energy harvesting system is shown in Fig. 2 . The effectiveness of the system can be influenced by several factors such as antenna design, matching network circuit and RF-DC rectifier circuit design techniques. In order to maximize the efficiency of the harvester, the accuracy of the matching network circuit and RF-DC rectifier circuit have to be designed with regard to the ultra-low power RFID tag requirements [17] . For example, Le et al., [18] used a 36-stage floating-gate rectifier circuit designed in 0.25 μm CMOS process to work with low input voltage as 50 mV and low input power as 5.5 μW (-22.6 dBm). The circuit achieved a maximum efficiency of 60% at 906 MHz RF signal. Merz et al., [19] presented a system consisting of a quarter-wave monopole antenna, a T-match circuit, Greinacher multiplier circuit, a low-power comparator and a DC-DC converter. The complete system created a constant 1.8 V DC output voltage at a frequency of 868 MHz with an input power of -6 dBm which was ideal for powering wireless devices over long distances. Based on the literature review, it was noted that one of the most popular RF power harvesting methods for RFID tags is using the CMOS rectifier design [20] . Hashemi et al., [21] fabricated a full-wave CMOS rectifier in order to increase the output voltage and the power conversion efficiency (PCE), especially for small input voltage levels. Together with the bootstrapped capacitors technique, the effective threshold voltage can be reduced and the overall power efficiency improved by 11%. Later, Kamalinejad et al., [22] presented a high-efficiency CMOS rectifier that attained 54% PCE for the input voltage as low as 200 mV. This was achieved by boosting a gate-drive voltage using a chain of auxiliary floating rectifier cells at 950 MHz RF signal. However, for applications that need intermittent communication, the sensitivity of the power harvester is more important than PCE as it determines the maximum range. A custom IC was fabricated by Oh et al., [20] in an IBM 130 nm CMOS process technology. At 915 MHz, a power harvester demonstrated the highest sensitivity of -32 dBm for 1 V output voltage. This was achieved by operating a CMOS rectifier in the subthreshold region, using low threshold voltage transistor and a matching network with a voltage boosting circuit.
Generally, for a small RF input power condition (e.g. RFID tag far from the reader), maximum PCE must be taken into the design considerations. For UHF RFID, a high-efficiency differential-drive CMOS rectifier circuit with an active threshold voltage (Vth) cancellation scheme was developed by Kotani et al., [23] . A rectifier circuit achieved 67.5% of PCE at 953 MHz, -12.5 dBm RF input and 10 kΩ output load. On the other hand, a 900 MHz system and an efficient power path structure with adaptive control was proposed by Hsieh and Chiang [24] . By adopting an open-loop adaptive control scheme and duty-cycled operation, the control circuit consumed low power and 35.7% PCE was achieved at the input power of -15 dBm when the output voltage reached 2 V.
Vibration
Vibration energy harvesting can be divided into three types of energy transducers: piezoelectric, electrostatic and electromagnetic. However, among these transducers, piezoelectric has been widely studied due to its high power density, simple operating mechanism, no heat and easy to manufacture [3, 25] . Not only that, piezoelectric materials such as lead zirconium titanate (PZT) are commonly used due to their ability to transform mechanical strain energy into electrical charge [26] . Figure 3 shows an electrical equivalent circuit and a basic block diagram of the piezoelectric energy harvesting system. It consists of a piezoelectric generator, rectifier, DC-DC converter, energy storage device and a load. To enhance the system performance, each block can be designed using different strategies. For example, Balpande et al., [27] , in their design had successfully developed a power harvesting model using PZT as an alternative source for active RFID tags. The model applied Villard 6-stage voltage multiplier circuit using a dynamic threshold MOS technology and super capacitor as a storage device. Based on their simulation results, the proposed model can generate a maximum voltage and power of 7.36 V and 13.9 mW respectively, which were enough to power up the active tag that required only 7.5 μW of power for 3-5 s of the interval. A design of semi-active RFID tags with Piezoelectric Power Supply (PPS-RFID) for moving temperature sensing was presented by Chu et al., [3] . This PPS-RFID was used to record the temperature change information in a moving process. The single-layer PZT-4 piezoelectric vibrator, rectifier circuit, voltage regulator and energy storage circuit were used in the design. 0.242 μW power of PPS and 5 V output voltage were achieved at 1 Hz vibration. According to Ramadass and Chandrakasan [26] , interface circuits was one of the main drawbacks faced by existing piezoelectric harvesters. In their research, a biasflip rectifier circuit was introduced to enhance the power extracted from PZT. Compared to commonly used voltage doublers and full-bridge rectifiers, this bias-flip rectifier can extract power with four (4) times improvement. Chamanian et al., [28] considered a fully self-powered interface circuit to harvest energy from low power piezoelectric harvesters. Together with a novel peak detector and a synchronous switching technique, maximum energy can be extracted with the maximum power efficiency of 88% for an input power of 13.2 μW. In order to optimize the extracted power in a piezoelectric (PE) energy harvesting system, Do et al., [29] proposed a maximum power point tracking (MPPT) method and a DC-DC converter. The purpose was to overcome the low-efficiency problems faced by the conventional rectifiers design especially when the load resistance was outside the specific range. By implementing a full-bridge rectifier with an MPPT unit, a maximum of 51 μW power can be extracted with the overall frequency of 64% regardless of the load variation.
Thermal
For thermal energy harvesting, thermoelectric generator (TEG) is used to convert heat energy into electrical energy when there are temperature differences by the Seebeck effect. An electrical potential will be generated in the circuit when there is a temperature gradient between two ends at two different temperatures (hot side and cold side) [30, 31, 32] . The advantages of the TEG are highly reliable, environmentally friendly, noiseless, compactness and lightweight [33, 34] . Saeki et al., [35] in their study proved that it was feasible to power up the RFID tag using thermal energy. Based on the evaluation results, they found out that the RFID tag performance using TEG was the same as the RFID tag driven by Lithium battery.
One problem of the TEG is its low generated power when dealing with a low-temperature gradient. As a solution, Chuan et al., [36] proposed a charge pump circuit as the power management approach in the TEG system. Compared with a boost converter, the output waveform of the charge pump was more stable and less ripple. Meanwhile, a thermoelectric energy harvesting interface circuit had been presented by Ramadass and Chandrakasan [30] to extract electrical energy from the human body heat. Without the aid of battery and the usage of mechanically assisted start-up circuit, the thermoelectric energy harvesting system was able to operate from input voltages as low as 35 mV with 58% efficiency and reached 1.8 V output voltage. Lately, with the new development of thermoelectric materials and efficient modules, low efficiency of thermal harvesting is no longer a major obstacle to its extensive use where more than 10% efficiency has been reached [37] . Moreover, the TEG devices are also able to supply power in the range of 1 W up to several hundreds of Watts [33] .
Hybrid Energy Harvesting Design
Hybrid energy harvesting is combining more than one ambient sources to generate electrical power out of a single system. By harvesting and combining energy from multiple sources, energy can flow continuously even though one or more sources are absent [34] . Hence, more power can be supplied and the overall system reliability and functionality can be enhanced [11, 38] . The overall behaviour of the hybrid energy harvester is depending on the design of each component in the system. Due to the weakness, intermittence and inconsistency of single source energy harvesting, Tan and Panda [39] proposed a hybrid energy harvesting system using one power management circuit to not only extend the lifetime of the wireless sensor node but also to reduce the cost, form factor and power losses of the overall system. The designed and implemented ultra-low power management circuit with a fixed voltage reference MPPT consisted of a boost converter, an energy storage element and a regulating buck converter which produced an efficiency of 90% with the total power consumption of 135 μW. Subsequently, Yu et al., [40] used one power management circuit to decrease the power dissipation in their energy harvesting system. Unlike Tan and Panda [39] , the architecture proposed by Yu et al., [40] consisted of an MPPT circuit, an impedance matching circuit, an energy storage, a bleed-off circuit and voltage regulator. The use of analog discrete components in the MPPT circuit had improved the overall harvester efficiency by 76.7%.
Colomer-Farrarons et al., [41] developed a multiharvested self-powered system that focused on low voltage and low power applications such as RFID devices. The system was named as multiharvesting power chip which was robust against power failure. The main objective was to ensure that the system only worked with the energy harvested from the ambient sources and no longer depended on the battery. As shown in Fig. 4 , the harvesting system was able to collect and manage energy from three ambient sources which were solar, vibration and RF. The maximum total power harvested is approximately 6.4 mW and the total power consumption was 160 μW. According to Nguyen et al., [42] a low amplitude, low frequency and low energy signal from the multi-energy sources can be harvested by using a novel hybrid CMOS rectifier. The proposed 6-stage hybrid rectifier circuit can generate a supply voltage of 1 V from a subthreshold amplitude of a 13.56 MHz RF signal. Additionally, 40.3% of PCE was achieved compared to a traditional complimentary, cross-coupled rectifier circuit which was only 9.7%. Meanwhile, in a feasibility study conducted by Mayordomo et al., [43] they stated that it was possible to combine low-power UHF RFID technology with energy harvesting to produce tags with sensing applications. Fig. 4 . Conventional architecture of the hybrid energy harvesting system with separate power management circuit [41] . Table 3 shows the circuit performance comparison of previously published hybrid energy harvesting design. From this literature, Bandyopadhyay and Chandrakasan [11] and Dini et al., [45] had reported on fabricated die micrograph in their designs. In Bandyopadhyay and Chandrakasan work, they presented a dual-path architecture that combined three input sources (solar, thermal and vibration) which closely resembled to the proposed HIEH architecture, where the only difference was between solar and RF input. Fig. 5 shows a chip micrograph designed by them. The circuit was implemented in a 0.35 μm CMOS technology with a chip size of 5 mm × 5 mm. With inductor sharing, 83%, 58% and 79% of peak efficiencies were achieved for photovoltaic, thermoelectric and piezoelectric dual-path architecture respectively.
Based on the literature review, it can be noticed that energy harvesting circuits design that were interfacing between the harvesters and power converter played an important role in the development of efficient and effective energy harvesting system. Maximum power can be harvested if the input impedance of the DC-DC converter circuits was designed to be equal to the harvester's internal impedance [11] . In certain architectures, an additional interface circuit is needed to match the characteristics of the harvester and the power converter [45] . Thus in this research, our focus will be on the rectifiers and DC-DC converter circuits design. In attempting to achieve maximum PCE with minimal power losses, the correct circuit implementations and the selection of the good topology of each harvester will be emphasized. 
Proposed HIEH Block Design
The block diagram of the proposed architecture of HIEH system is illustrated in Fig. 6 . The system is designed to harvest energy from three input sources which are PZT, TEG and RF signal. It consists of a matching network, rectifiers (AC-DC and RF-DC), a self-start-up circuit, a control loop, an adaptive control circuit (ACC) block, DC-DC converter with MPPT, an energy storage unit and a voltage regulator. All of these blocks will be integrated and implemented into a chip to supply the required ultra-low power to the semi-active UHF RFID tag as well as a low power microcontroller and sensors.
Since PZT element is an AC voltage source, an AC-DC rectifier is required before interfacing with the DC-DC converter. The purpose is to convert the alternating current into direct current for usage in the device. In the case of RF energy harvesting, RF-DC rectifier is designed to convert the ambient RF energy received by the antenna to a DC supply voltage [47] . Unlike PZT, a matching network is necessary before the rectifier circuit. The matching network is used to increase the power acquired from the antenna so that maximum power can be delivered to the RF-DC rectifier circuit [13] , [19] . Until now, there are several kinds of circuit topology have been introduced by researchers to be applied to the rectifier in RFIDs. Some of them are full-wave CMOS rectifier [21] and a high-efficiency differentialdrive CMOS rectifier [22] . The advantage of these circuit is that they do not require a complex circuit design [21] , well established and have a good efficiency [22] . Indeed, the selection of a suitable diode is important in designing a low-power rectifier circuit. Its parameters and characteristics such as the breakdown voltage, zero-bias junction capacitance, forward bias current, switching speed and cut-off voltage can affect the performance and PCE of the energy harvesting circuit [48] . Since the proposed HIEH system is operating at UHF band (860 -960 MHz), diodes with very fast switching speed, low forward voltage drop and high detection sensitivity at UHF frequencies are required. For these reasons, Schottky diodes are considered to be an ideal choice. However, their implementation cost is high and it is not compatible with the standard CMOS processes. As an alternative, Schottky diode can be replaced with a diode-connected MOSFET [49] . Even though the PCE for a rectifier will be worse than that of the Schottky diode, by applying threshold voltage cancellation techniques, the PCE can be improved tremendously [23] .
As the high-Q loop antenna is very sensitive to impedance variation at the antenna-rectifier interface, a control loop is added in the proposed architecture. The purpose is to compensate the input impedance so that a resonance can be achieved between the rectifier and the loop antenna for any given frequency and input impedance. Thereby, the RF energy harvester robustness can be improved with the advantage of the passive voltage boost obtained from the high-Q resonator [50, 51] .
Meanwhile, a self-startup circuit is added to ensure the energy extraction process starts charging once the stored energy is low. After startup, DC voltage of the harvested energy will pass to a DC-DC converter to convert the input voltage to another voltage level. In this research, DC-DC converter with voltage reference MPPT control will be implemented so that the maximum power extraction can be derived from the HIEH system. Next, an adaptive control circuit is added to maintain close-to-optimal PCE of the rectifier until the output voltage reaches the required value. The process will be done by adjusting the internal impedances between blocks and the switching timing of the entire power path dynamically to improve the output power throughout the charging process [52] . Then, energy storage unit is required in this system, especially when the amount of energy harvested is limited and intermittent. The purpose is to store harvested energy until it is enough to supply power required by the loads. Finally, the voltage regulator is utilized so that a stable supply voltage can be generated for the loads: semi-active RFID chip, microcontroller and sensors.
In the proposed architecture of HIEH, temperature, vibration and voltage sensors will be added to the system for military assets security purposes. Since most of the military assets are dangerous and sensitive such as weapons and ammunition, it is important to keep them safe from being stolen or moved out by unauthorized personnel, especially terrorists. These sensors will alert authorities if they sense small changes in vibration, temperature or voltage that occur on the weapons and ammunition. Meanwhile, the microcontroller is used to control both the RFID tag and the sensors [43] . In this architecture, a low power microcontroller is used to ensure low power consumption in the system. Figure 7 shows the design flow chart of the proposed HIEH system. The design will start with a review of the research studies that have been previously published for a single and hybrid input energy harvesting system. The review is compared based on the types of harvester, design architecture, fabrication process and measurement results. From the literature, objectives and scopes of the research will be set and new HIEH architecture will be proposed. Then, the new architecture will be designed, modelled and simulated using PSpice software. At this stage, the performance of the proposed architecture such as the input and output voltages, input and output power, PCE, etc. will be measured. Once the best results are achieved, the design will proceed to the next step which is behavioral modelling of HIEH in Verilog using Mentor Graphics. If there are no errors in the design, the source code will be written using Verilog followed by a simulation work using ModelSim from Mentor Graphics. Any errors will loop back to the behavioral modelling stage.
Implementation Process of HIEH Architecture
Next, the Precision Synthesis tool will be used to perform logic synthesis. In synthesis, Verilog code will be translated into an Electronic Design Interface Format (EDIF) netlist file to enable a timing and gate level simulation in FormalPro. If there are any errors in the timing and gate level simulation, the synthesis process will be repeated before being downloaded to FPGA (field-programmable gate array) for real-time verification. Once the FPGA implementation is successful, the developed HIEH will be designed and implemented on 0.13 μm CMOS process technology to obtain its final layout. Then, circuit verification will be done using CALIBRE tool. During this step, the layout will be analyzed and compared versus the schematic to ensure design integrity. The design will also be analyzed in case any electrical failures and multiple validations will be consumed by a downstream simulator to determine whether the design meets the electrical specifications such as design rule check, layout versus schematic, parasitic extraction, power issues, etc. Finally, after IC layout physical verification is completed, the data will be translated into GDSII file format through the tapeout process to possibly be fabricated for RFID device implementation and others.
Conclusions
In this paper, the drawbacks of the semi-active RFID tag and the previously proposed solutions have been reviewed. Based on the findings, an ultra-low power HIEH system with three input ambient sources from RF, TEG and PZT has been proposed as a solution. The main objective is to solve the semi-active UHF RFID tag limited lifespan issues due to the need for batteries to power their circuitries and to achieve maximum PCE with minimal power losses obtain from the HIEH system. To achieve the target, the proposed architecture will use rectifiers, matching network, a self-start-up circuit, DC-DC boost converter with MPPT, a control loop, an adaptive control circuit, energy storage and a voltage regulator. Each designed topology will be evaluated and characterized to get a maximum PCE. PSpice software and Verilog based on Mentor Graphics will be used for design simulation and code writing respectively. Then, the circuits design will be downloaded to the FPGA board for verification and the final layout will be implemented in a standard 0.13 µm CMOS process. The simulation result from this ultra-low power HIEH architecture is expected to deliver a total of 3.3 V of output voltage from low input ambient sources which is enough to recharge the battery and activate the semi-active RFID tag. Moreover, 6.5 mW of output power and 90% efficiency are expected when three input sources are simultaneously harvested. 
